ABSTRACT The intraaxonal distribution of labeled glycoproteins in the regenerating hypoglossal nerve of the rabbit was studied by use of quantitative electron microscope autoradiography . 9 d after nerve crush, glycoproteins were labeled by the administration of [3H]fucose to the medulla. The distribution of transported 3H-labeled glycoproteins was determined 18 h later in segments of the regenerating nerve and in the contralateral, intact nerve. At the regenerating tip, the distribution was determined both in growth cones and in non-growth cone axons, 6 and 18 h after labeling . The distribution within the non-growth cone axons of the tips was quite different at 6 and 18 h. At 6 h, the axolemma region contained <10% of the radioactivity; at 18 h, it contained virtually all the radioactivity. In contrast, the distribution within the growth cones was similar at both time intervals, with 30% of the radioactivity over the axolemmal region . Additional segments of the regenerating nerve also showed a preferential labeling of the axolemmal region . In the intact nerve, 3H-labeled glycoproteins were uniformly distributed . These results suggest that : (a) in this system the labeled glycoproteins reaching the tip of the regenerating axons are inserted into the axolemma between 6 and 18 h after leaving the neuronal perikaryon ; (b) at the times studied, there is a fairly constant ratio between glycoproteins reaching the growth cone through axoplasmic transport and glycoproteins inserted into the growth cone axolemma ; (c) the axolemma elongates by continuous insertion of membrane precursors at the growth cone ; the growth cone then advances, leaving behind an immature axon with a newly formed axolemma ; and (d) glycoproteins are preferentially inserted into the axolemma along the entire regenerating axon .
It is well known that components necessary for the elongation ofthe plasma membrane in regenerating axons are synthesized in the neuronal cell body and delivered through fast axoplasmic transport (reviewed in reference 21). However, little information is available concerning the site of insertion of the precursors into the axolemma and the mechanism of axonal elongation. According to one hypothesis, supported by in vitro studies, new membrane addition occurs only at the growth cone (5), yet electron microscope autoradiographic (EMA) studies of regenerating nerve have shown that proteins transported to the growth cone are located predominantly beneath the axolemma rather than preferentially within it (22, 25) . Another hypothesis holds that rapidly transported materials are inserted into the axolemma not only at the growth cone, where axolemmal elongation occurs, but also at other sites along the growing axon, as part of the process of axolemmal enlargement or maturation (4, 8) .
THE JOURNAL OF CELL BIOLOGY " VOLUME 87 OCTOBER 1980 197-203 Glycoproteins are components of neuronal membrane systems, including the axolemma, which are supplied to the axon by fast axoplasmic transport after synthesis and assembly in the cell body (reviewed in reference 20) . During the period of active axonal outgrowth after axotomy, increased amounts of glycoproteins are transported along the regenerating hypoglossal nerve (13) (14) (15) (16) . The increased delivery of glycoproteins during regeneration presumably reflects an augmented demand for membrane precursors at the site of incorporation into newly forming axolemma. Glycoproteins are therefore excellent markers to study the formation of new axolemma during axonal regeneration .
We have used quantitative EMA to investigate the intraaxonal distribution of transported glycoproteins in various segments of a regenerating nerve, including the tip and segments proximal and distal to the site ofcrush. At the regenerating tip we have analyzed the glycoprotein distribution both in the growth cones and in the non-growth cone axons, which represent the axonal segment immediately proximal to the growth cone, In our study of these two portions of the axon in the regenerating tip, we recognize the implication of in vitro studies (5) that membrane addition is a complex process that cannot be adequately understood by studying one axonal segment only . Two time intervals, 6 h and 18 h, were chosen to investigate the location of glycoproteins shortly after their arrival and after they have had time to be distributed.
Finally, we have also examined the distributions of transported glycoproteins in precrush and postcrush segments and compared them to that of the contralateral intact nerve, because observations of regenerating nerve (4) and of growing cultured axons (8) have suggested that rapidly transported proteins are inserted into the axolemma along the axon as well as at the growth cone. The results of this study have been presented in part (35) .
MATERIALS AND METHODS
Five albino rabbits weighing about 2.5 kg were used in these experiments . Surgical procedures were performed under halothane anesthesia. t .-[6-''H]fucose (12 Ci/mmol) and t.-[5,6-'H]fucose (58.6 Ci/mmol) were obtained from New England Nuclear, Boston, Mass.
The right hypoglossal nerve was crushed twice for 30 s, with a 30-s interval, using ajeweler's forceps. The site of crush was at the level of the digastric muscle (-12 mm from the medulla), and was marked by a silk suture sewn into an adjacent muscle.
9 d later, 0.5-1 MCioft.
[''Hjfucose in 501x1 of saline was injected over a period of 30 min into the midline of the medulla at a depth of 1-2 mm, according to a modification of the method described by Miami (26) . The label was applied, using either a single injection into the approximate midpoint of the hypoglossal nuclei or a series of three midline injections along the length of the nuclei . 6 or 18 h later, fixation was carried out either by intracardiac perfusion or by immersion, using 4% paraformaldehyde/ 1 .25% glutaraldehyde in 0.125 M phosphate buffer, pH 7.4, containing 0.2 mM CaCl, The nerves were removed and dissected into 2-mm segments . All procedures were performed at 4°C. The general distribution of radioactivity along the regenerating and intact nerves and the location of the regenerating tips were determined by liquid scintillation counting (LSC) and light microscope autoradiography. Nerve segments were bisected longitudinally : one half wascounted after extraction with 5% TCA; the other half was transferred to fixative, further dissected into 1-mm segments, and processed for plastic embedding. The most distal segments containing a significant amount of radioactivity, as determined by light microscope autoradiography on 1-lam sections, were considered the regenerating tip. TCA-soluble radioactivity, negligible at 18 h after injection, accounted for--10% of thetotal radioactivity of the regenerating tip at 6 h. To ensure that all unincorporated fucose had been released from the 6 h nerve segments during fixation, fixatives were changed until no radioactivity was detected by LSC. Segments of nerve were postfixed in 1% buffered OSO<, dehydrated in graded ethanols, and embedded in Araldite 502.
Light andelectron microscope autoradiograms were prepared according to the technique of Salpeter et al . (30, 3l) , as described previously (19) . Sections from the experimental (operated) and intact (unoperated) nerves were mounted on the same slide . EM autoradiograms were developed in Elon ascorbic acid with latensification (32) . All axon-myelin-Schwann cell complexes present in a given area and containing two or more silver grains were photographed (regardless of the location of the grains), and the negatives were enlarged to a final magnification of x 28,000. EM autoradiograms were analyzed for the following time intervals and nerve segments : (a) 6 h regenerating tip (two animals) ; (b) 18 h regenerating tip (three animals) ; (c) 18 h postcrash segment located -I l mm proximal to the tip and -4 mm distal to the crush (one animal) ; (d) 18 h precrush segment located 4-6 mm proximal to the crush (three animals); and (e) 18 h intact nerve equidistant with the regenerating tip (one animal) . For the 6 and 18 h tips, the axon population was divided into two groups that were analyzed separately . One group included the growth cones, defined as axons containing five or more cisterns or vesicles and/or finely granular material. The second group included axons immediately proximal to thegrowth cones; these axons were generally thin, contained neither cisterns nor vesicles, and are referred to as non-growth cone axons. In the postcrash segment only non-growth cone axons with a radius of 640 rim, or more (?4 HD)' were analyzed to select a homogeneous population of ' I HD is an experimental measure of resolution in autoradiography (6, 17, 32) . In this study it is equal to 160 nm.
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THE JOURNAL OF CELL BIOLOGY -VOLUME 87, 1980 relatively mature axons. Axons 640 nm or more in radius were also used in other segments except that the non-growth cone axons had a radius of 320 mm or more (?2 HD).
The distribution of the radioactivity within the axon was analyzed following a method we have previously described in detail (17, 18) . Briefly, the exact distance from the axolemma of each silver grain, located inside or immediately outside the axon, was established (6) . Grains were then tabulated according to their location in various concentric compartments 160 nm (1 HD) wide, around the axolemma . A similar procedure was followed for random points (17) .
Grain densities for each of these compartments were obtained by dividing the number of grains by thecorresponding number of random points, and histograms of experimental grain density distributions were constructed. Scattered radiation from adjacent axons was corrected by excluding from the analysis grains and points shared by two or more axons up to a distance of 640 nm (4 1113) from the axolemma (18) . Because no statistically significant differences were found when histograms derived from corresponding nerve segments of different animals were compared, data from all animals were combined to obtain only one histogram for each segment and time studied. These experimental histograms were compared with the series of theoretical curves for radioactive sources of comparable radius provided by Salpeter et al. (32) , to analyze further the distribution of the radioactivity. The average axonal radius of each experimental group was determined by use of the formula : radius = 3.42 x, where x is the distance from the axolemma into the axon within which half the total random points fall (6) . For some histograms the theoretical curves for rounded radioactive sources containing radioactivity uniformly distributed (solid disks) and the theoretical curves for sources with the radioactivity selectively concentrated at the periphery (hollow circles) were combined in different ratios to find the best fit for the experimental data (32) . The relative contributions (r) to the experimental densities made by a uniformly distributed radioactive component and by one that is selectively concentrated at the periphery were calculated from these best fitting composite theoretical curves using the formula : r = g1DR (1-q) (6, 32) , where DR is a density ratio that depends on the size of the source (Fig. 17 of reference 32 ) and q and I-q are fractional representations of the theoretical curves corresponding to the solid disk (q) and to the hollow circle (I -q).
Standard errors in the histograms were calculated by use of the formula: G/P 1/, where G = number of silver grains and P = number of random points for each compartment (6) .
RESULTS
The typical distribution of the transported labeled glycoproteins, as determined by LSC, along the intact and regenerating hypoglossal nerves 18 h after local administration of [3H]fucose to the XII nerve nuclei is illustrated in Fig. 1 . In the intact nerve the radioactivity is evenly distributed along the entire length of the nerve examined . The contralateral regenerating nerve contains up to four times more radioactivity distributed Typical distributions of radioactivity along intact and regenerating hypoglossal nerves 18 h after administration of [3Hj-fucose to the XII nerve nuclei, as determined by liquid scintillation counting . Solid circles, right hypoglossal nerve crushed 9 d before labeling . Open circles, intact nerve from the same rabbit . The segments used for autoradiography are indicated . in two unequal peaks. The first peak is located 2 mm proximal to the point of crush; the second, much larger peak is 6-10 mm distal to the point of crush . It is followed by a sudden drop of the radioactivity, which is reduced to background level -8 mm from the major peak .
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GENERAL OBSERVATIONS: The distribution of the silver grains in all segments of intact and regenerating nerves examined both at 6 and 18 h after administration of [3H]fucose indicated that labeled glycoproteins are present only in the axons and not in the myelin or in the Schwann cells .
The histogram of the silver grain densities over and around the axons of the 18 h intact nerve is shown in Fig. 2 . The theoretical curve that best fits this histogram is that of a solid disk. This indicates that the labeled glycoproteins are uniformly distributed within the axons including the axolemmal region? The intraaxonal distribution of radioactivity in the control nerve is significantly different from that of all the segments of the crushed nerves 18 h after [3H]fucose administration ( Table  I) .
The axons of the 18 h precrush segment do not differ morphologically from those of the contralateral unoperated nerve (Fig. 3) . However, the axons of this segment show a nonuniform distribution of radioactivity : 23% is located in the axolemmal region and 77% is uniformly distributed over the axons including the axolemma (Fig. 4) . The axolenunal region is therefore relatively more labeled than any other axonal compartment .
In the 18-h postcrush segment, which is 4 mm distal to the point of the crush, regenerating unmyelinated sprouts of varying size are present . Among these sprouts are several processes that are identifiable as growth cones. Regenerating sprouts in this segment, as in the most distal segments of the tip, are z Because of the limited resolution of EMA, the term axolemmal region or compartment is used in this study to identify a compartment 160 nm wide, centered on the axolemma. The radioactivity in this compartment is very likely located at the axolemma, although a periaxolemmal location up to -80 nm from the axolemma cannot be ruled out . generally embedded within Schwann cell cytoplasm, and such regenerating units are surrounded by Schwann cell basal lamina . The axons tabulated, all of which are 640 nm or more in radius (Fig. 5) , demonstrate an even more pronounced labeling of the axolemmal region than those of the precrush segment (Fig. 6 ). About 55% of the radioactivity is related to the axolemmal compartment and the remaining 45% is evenly distributed over the axon . This distribution is significantly different from that of the precrush segment (Table 1) . Both the 18 h and 6 h tips contain two morphologically different populations of axonal processes, which were analyzed separately.
A. TESSLER ET AL . (a) Non-growth cone axons consist of fine, unmyelinated processes that contain mitochondria, clear vesicular material, and neurotubules, but few neurofdaments . In the 18 h nongrowth cone axons, radioactivity is found only over the axolemmal region (Fig. 7) . This distribution contrasts markedly with that seen at 6 h, when -93% of the radioactivity is uniformly distributed over the axon (Fig. 7) .
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(b) Growth cones contain five or more cisterns or vesicles and/or finely granular material, but frequently include vesicular and smooth membranous structures in large quantities (Fig. 8 ). Filopodia were not observed.
The distribution of radioactivity in the growth cones is very similar both at 6 and 18 h after administration of labeled fucose (Fig. 9) . The theoretical curve that fits the experimental data is that obtained by a combination of a solid disk and an annulus . The data are compatible with the distribution expected if70% of the radioactivity is uniformly distributed over the growth cones and 30% is concentrated on a 160-nm (1 HD) annulus with its outer edge at the axolemma . This distribution is significantly different from that of the 18 h non-growth cone axons (Table 1 ). 
DISCUSSION
The main finding of the present study is the striking difference in the distribution of 3H-labeled glycoproteins in non-growth cone axons of the regenerating tip 6 and 18 h after injection of [3H]fucose: at 6 h the 3 H-labeled glycoproteins are uniformly distributed over these axons; at 18 h they are found only over the region of the axolemma . These results indicate that 3H-labeled glycoproteins reaching the tip of the regenerating axons by axoplasmic transport are inserted into the axolemma between 6 and 18 h. While the distribution of 3 H-labeled glycoproteins in the non-growth cone axons is very different at 6 and 18 h, the distribution in the growth cones does not show any significant change during this time period : 70% of the radioactivity remains uniformly distributed and 30% located in the axolemmal region .
-640 -320 0 +320 +640 Inside Distance (nm) Outside One possible explanation of these findings is the following . When they reach the growth cone, glycoproteins are inserted into the growth cone axolemma at such a rate that, after the build up of a sizable pool, a fairly constant ratio is maintained between glycoproteins provided to the growth cone by axoplasmic transport and glycoproteins removed from the axoplasm both by insertion into the axolemma and by retrograde transport (1, 13) . By the continuous insertion of glycoproteins (as well as other molecules) into the axolemma, the growth Histograms of distribution of grain densities over and around growth cones of the regenerating tip 6 h (---) and 18 h (-) after labeling . The theoretical curve (-) fitting both experimental histograms corresponds to that expected if 70% of the radioactivity is uniformly distributed over the growth cones and 30% is concentrated on a 160-nm (1-HD) annulus with its outer edge at the axolemma . (Average radius of the axon for both histograms : 1,088 nm = 6 .8 HD; 6 h histogram based on 651 grains ; 18 h histogram based on 669 grains .) cone is pushed forward, leaving behind an axon with a newly formed axolemma . The growth cone would therefore be the main site where building material is collected and assembled for the elongation of the axolemma of regenerating axons . A similar mechanism of axon elongation has been proposed for growing sympathetic axons in culture (5) . According to this in vitro model, new axolemma would be added to the front of the growth cones in cytoplasmic extensions, the filopodia, and recycled from the more proximal portions of the growth cones. Clearly, it would be of great interest to determine whether elongation of the axolemma occurs by insertion of individual molecules or of preassembled patches of vesicular membranes and whether filopodia are in fact the sites of deposition of new plasma membrane in the regenerating axon . Ours and previous studies provide no answer to these two questions . Filopodia were not seen in our system, nor have they been observed in regenerating goldfish retinal axons (27) or in regenerating sciatic axons (22) , but serial sections are needed to exclude their presence (27) . In the cell perikaryon, transport of glycoproteins from the Golgi apparatus, where carbohydrate incorporation takes place (3, 34) to the plasma membrane appears to be in the form of intracytoplasmic membranes (2, 10, 11, 20, 36) . In elongating axons in vitro, both growth cone axolemma and a population of vesicles found in mounds beneath it are poor in intramembrane particles, suggesting that these vesicles are the source of new axolemma (28, 29) . However, this finding has been recently challenged (23) .
Previous studies on regenerating axons have demonstrated an accumulation of radioactivity at the tip (12, 13, 15) , and EM autoradiography has confirmed that radioactivity is present within the growth cones (22, 25) . Our findings are consistent with these studies ; but they also indicate that the growth cone is not the only place where glycoproteins are preferentially inserted into the axolemma of the regenerating axon . Although our data on intact nerve and postcrush segments were obtained 202 THE JOURNAL OF CELL BIOLOGY " VOLUME 87, 1980 from only one animal and therefore must be interpreted cautiously, increased amounts of glycoproteins appear to be present on the axolemma of precrush and postcrush segments as compared with the intact nerve . About 23% of the total radioactivity present in the axon is located on the axolemmal region at the precrush segment, whereas in the postcrush segment, the axolemmal radioactivity accounts for 55% of the total . Thus, the distribution of radioactivity in axons of the regenerating nerve shows a proximo-distal increase of labeling of the axolemmal region. This distribution most likely represents an increased rate of glycoprotein insertion into the axolemma of immature axons .
One implication of these findings is that a significant amount of glycoprotein is inserted into the axolemma of relatively mature axons at a considerable distance from the growth cone . Therefore, it appears that in the regenerating nerve, as in elongating nerves in culture (8) , glycoproteins are inserted into the axolemma at multiple sites . Freeze-fracture studies of cultured growing axons have shown that the density of intramembrane particles decreases from the perikaryon to the growing tip, suggesting that the newly formed axolemma is immature (28) . Hence, it is tempting to postulate that in regenerating axons glycoproteins inserted at the growth cone support the longitudinal growth and those inserted at multiple sites proximal to the tip provide for the lateral growth and maturation of the axolemma . Bisby (4) has offered a similar interpretation of his finding of an increased incorporation of rapidly transported proteins over the entire length of regenerating rat sensory sciatic nerve .
Our observation that the distribution of the axonally transported radioactivity in the precrush segment differs from that of the intact nerve may be attributable to the metabolic changes that take place in the axons proximal to the site of crush during regeneration. The amount of the axonally transported glycoproteins has been reported to be increased 150-240% at 1 wk after axotomy (13, 14, 16) , whereas the diameter of the axons of the proximal segment is decreased in regenerating axons (9, 24) . These changes may well have an effect on the local metabolism of the axon resulting in a greater insertion of glycoproteins into the axolemma .
Our data show that in the axons of the intact nerve, labeled glycoproteins are uniformly distributed with no preferential location in the axolemma or in the subaxolemmal region . This distribution differs from the nonuniform location of labeled transported protein reported in other quantitative autoradiographic studies, but procedural differences prevent direct comparison of our data with previous findings . Lentz (25) found that the radioactivity was located in a band whose center was 600 run inside the axolemma of normal portions of regenerating newt nerve . Because this study was carried out 3 d after infusion of leucine, most of the radioactivity very likely represents slowly transported proteins . Byers (7) has reported that in the rabbit unmyelinated vagus nerve, fast transported proteins are confined to a compartment 60-120 nm wide inside the axon ; this study, however, was carried out in vitro in desheathed nerves, and the histogram was obtained by combining data from control and colchicine-treated nerves at different times after incubation .
Under the conditions of the present study, 18 h after [3H]-fucose injection, the peak of the migrating 3 H-labeled glycoproteins has already passed through the nerve segment analyzed, and anterograde transport of the 3H-labeled glycoproteins may have largely subsided . Thus, the 3 H-labeled glycoprotein distribution that we have observed in axons of both the intact and regenerating nerves at 18 h is probably that of 3H-labeled glycoproteins left behind by, rather than transported with, the fast component of axoplasmic flow. This hypothesis is consistent with the previous reports that only a portion of the fast transported material reaches the nerve terminal, while the rest remains in the axon in either a stationary or slowly moving structure (reviewed in reference 33).
